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Summary  
Repair of meniscal tears depends in part upon the ability of the resident fibrochondrocytes o produce new extracellular 
matrix molecules including proteoglycans. Three culture systems have been used to investigate proteoglycan 
production by meniscal fibrochondrocytes from the inner, middle and outer zones of medial and lateral menisci of the 
sheep stifle joint. Cultures of meniscal explants, monolayered cells, and cells encapsulated in alginate beads were 
labeled with 3~SO4H~ for 48h in the absence and presence of tranforming rowth factor beta (TGFfl) and the 
proteoglycans were analysed by Sephacryl S-1000 chromatography. In general, the lateral meniscus produced more 
proteoglycan than the medial. Explants from the inner and middle zones produced predominantly aggrecan-like 
proteoglycan, together with a smaller proteoglycan population eluting with an average distribution coefficient of 
around 0.65. The outer meniscal zones synthesized less proteoglycan overall, the majority of which consisted of the 
smaller proteoglycans. These characteristic proteoglycan size profiles obtained with explant cultures also were 
preserved when cells isolated from the respective zones were cultured in alginate beads. Monolayer cell cultures, 
however, produced almost entirely small proteoglycans, regardless of their zone of origin. Chromatography of 
chondroitinase AC and ABC digested samples indicated that the small proteoglycan population comprised mostly 
dermatan sulphate-containing proteoglycans. In all meniscal zones and in all culture systems, TGFfl stimulated 
proteoglycan production by up to 100% and the proteoglycans were slightly larger. TGFfl also stimulated cell division 
in fibrochondrocyte monolayer cultures. Long term intermittent s imulation of alginate bead cultures with TGFfl 
resulted in large increases in proteoglycan synthesis, increased aggregation of large proteoglycan monomers, and an 
increase in the production of the larger of two small proteoglycans, putatively, biglycan. 
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Introduct ion 
The fact that tears of the avascular midsubstance 
of the knee joint meniscus do not spontaneously 
heal [1,2] often necessitates total or partial 
meniscectomy. The resulting alteration in joint 
mechanics, with reduced stability and increased 
loading on the art icular carti lage [3], can eventu- 
ally lead to osteoarthritis. If torn menisci could be 
induced to heal, this unfortunate sequence of 
events might be prevented. Growth factors Used as 
an adjunct to meniscal repair procedures might 
improve healing by stimulating proliferative and 
biosynthetic responses of the meniscal cells. Trans- 
forming growth factor beta (TGFfl) could be pre- 
dicted to be beneficial to meniscal healing. TGFfl 
induces chondrogenesis in embryonic mesen- 
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chymal cells [4], and is generally a stimulator of 
anabolic activities in connective tissue cells. It 
is mitogenic and chemotactic, it stimulates the 
production of extracellular matrix, and inhibits 
the production of proteases while increasing the 
synthesis of protease inhibitors [5]. In art icular 
chondrocytes, TGFfl stimulated collagen [6] and 
proteoglycan (PG) [6-10] production and resulted 
in the syn~thesis of larger PGs with longer gly- 
cosaminoglycan (GAG) side:chains [8]. TGFfl 
increased the DNA synthesis by cultured chondro- 
cytes [11], and Guerne and Lotz [12] identified 
TGFfl as the most potent growth factor for a 
chondrosarcoma cell line. In bovine tendon, TGFfl 
stimulated synthesis of PG with longer GAG 
chains, and increased cell proliferation [13]. Cell 
and organ cultures o f  the canine meniscus were 
stimulated by TGFfl to divide, and to produce more, 
and hydrodynamically larger PGs [14]. 
The lateral and medial menisci are anatomi- 
cally distinct structures. They are of a different 
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shape and size, and have different tibial attach- 
ments. The lateral meniscus transmits a greater 
proportion of the compressive load across the j oint, 
and is more mobile than the medial meniscus [15]. 
Within each meniscus, the structure is not homo- 
geneous. Macroscopically and histologically, the 
inner third appears to be more hyaline whereas the 
outer two-thirds are more fibrous and are domi- 
nated by highly oriented circumferential collagen 
bundles. Only the outer third of the meniscus is 
vascularized [2, 16]. Though not discrete, these 
inner, middle and outer zones are distinct 
enough to provide a basis for subdivision of these 
heterogeneous tissues for study, as has been done 
previously [17, 18]. 
In cross-section the meniscus is wedge-shaped 
and histological examination reveals that the thin 
edge of the inner region is hyaline cartilage-like, 
staining strongly for PGs and featuring chondro- 
cytes in lacunae [19]. In the outer zones, specific 
histochemical staining for PGs is much less in- 
tense, the cells appear less chondrocytic and colla- 
gen fibre bundles are the major feature. These 
structural variations reflect the function of the 
menisci. The hyaline structure of the inner zone is 
compatible with a role of  resisting compression, 
and the collagen bundles of the outer zones develop 
circumferential tensile or 'hoop' strain to balance 
applied loads [20, 21]. 
It is clear that the variable composition of the 
meniscal extracellular matrix is dictated by differ- 
ing functional requirements and it is the resident 
fibrochondrocytes in these regions which are 
responsible for the matrix deposited. We have, 
therefore, cultured cells and explants from the 
inner, middle and outer zones of the lateral and 
medial menisci separately and measured the effects 
of TGFfl on PG synthesis by the fibrochondrocytes 
derived from these regions. 
Mater ia ls  and Methods  
TISSUE CULTURE 
Joints from adult Merino wethers were opened 
aseptically, menisci were removed and trimmed of 
all synovium and of the anterior and posterior 
ligamentous attachment areas. The menisci were 
cut, circumferentially, into inner, middle, and 
outer thirds. The zones were then sliced, radially, 
into pieces approximately 1mm thick and diced 
further as appropriate to minimize size differences 
of the explants. Cell suspensions were obtained by 
incubating the pieces in 0.1% pronase (Bohringer- 
Mannheim GmbH, Mannheim, Germany) in 
Dulbecco's Modified Eagle's medium (DME), sup- 
plemented with 10~/o fetal calf serum (FCS) 
(Commonwealth Serum Laboratories, Parkville, 
Victoria, Australia) for 3 h at 37°C, followed by 
digestion in 0.04% clostridial collagenase (Sigma 
Type 1A, Sigma-Aldrich Pty Ltd, Castle Hill, NSW, 
Australia) in DME 10% FCS for 16 h. The cells 
were then washed three times in DME FCS and 
cultured at 106 cells/75 cm 2 flask (ICN-Flow, Seven 
Hills, NSW, Australia) in 12 ml DME, 10~/o FCS. 
Confluence was reached after 8--10 days' culture 
and the cells were detached by trypsinisation [0.2% 
trypsin (Sigma), 0.1% ethylenediamine t traacetic 
acid (EDTA) in phosphate buffered saline (PBS), 
pH 7.2], washed twice by centrifugation and resus- 
pension in complete medium, counted and sub- 
cultured into test plates. For experiments on high 
density primary monolayer cultures, 106 cells were 
plated into 25 cm 2 flasks in 6 ml DME 10~/o FCS and 
established for 7 days, with medium changes every 
3 days, before being labelled for 48 h with 10 # Ci/ml 
35SO4H2 (Du Pont Ltd, North Ryde, NSW, 
Australia). 
PROTEOGLYCAN ASSAY 
Cells were subcultured into 96-well plates (ICN- 
Flow) at 2 x 104 per well (700 cells per mm2), 
allowed to attach overnight and were then incu- 
bated in 0.2 ml DME and 10 pci/ml 35SO4H2 for 48 h. 
The well contents (medium and cells) were papain 
digested and 35S-glycosaminoglycans (GAGs) were 
quantified as previously described [22]. 
CELL REPL ICATION ASSAY 
Cells were subcultured into 96-well plates at 
1 × 104 per well, allowed to attach overnight, then 
were incubated for 48 h in 0.2 ml DME containing 
1 #Ci/ml 8H-thymidine (Amersham, U.K.), to which 
were added TGF/~ (Sigma purified human TGFfl-1) 
and FCS as required. Medium was removed, wells 
were washed three times with PBS, and 100#1 
trypsin (Sigma) (2 mg/ml, EDTA I mg/ml) in PBS 
were added and incubated at 37°C for 10 min to 
re-suspend cells. Cells were then harvested on a 
Titertek cell harvester and counted on a Packard 
fi-scintillation spectrometer. 
ALGINATE BEAD CULTURES 
A primary cell suspension prepared as above was 
re-suspended in a solution of sodium alginate 
(Sigma) (12 g/1 in 0.15 ~ NaC1 and autoclaved) at 
106 cells per 2 ml and was dropped via a 26-gauge 
needle into approximately 70ml of 0.1M CaC12 
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which instantly gelled the drops into spheroid 
semi-solid beads [23]~: Two millilitres of cell suspen- 
sion yielded approximately 300 beads, therefore 
each bead had on average 3.3 × 103 cells. Beads 
containing cells from the six meniscal regions were 
cultured separately in 9 cm Petri dishes in 15 ml 
DME 10% FCS for 3 days, with daily medium 
changes. Then beads were counted out to give 
duplicate cultures (100-150 beads per dish) for each 
zone. Each zone had a control (DME 10% FCS) and 
TGFfl-treated (5 ng/ml) culture containing identi- 
cal numbers of beads, in 7ml DME 10% FCS 
labeled with 5ttCi/ml 3~SO4H2, which were then 
incubated at 37°C for 48 h. 
EXTRACTION OF PROTEOGLYCAN 
Beads, explants and cell monolayers were rinsed 
twice in PBS and extracted in 4 M guanidine hydro- 
chloride buffered to pH 7.4 with Tris-HC1 (50 raM) 
containing EDTA (25 raM), 6-amino-hexanoic acid 
(25mM), N-ethylmaleimide (10mM) and benza- 
midine hydrochloride (1 mM) for 48 h, with agita- 
tion, at 4°C. Alginate beads rapidly depolymerized 
in this extraction buffer. Extraction volumes were 
10 Vol. on a wet weight basis for explants, 2 ml/150 
beads, and 1 ml/25 cm 2 cell flask for primary mono- 
layer cultures. Extracts were desalted on Pharma- 
cia PD10 columns (Sepharose G25-M, AMRAD 
Pharmacia Biotech, North Ryde, NSW, Australia) 
(media samples were desalted twice) to remove free 
a5SO42- , with the samples being concentrated on an 
Amicon PM30 membrane, as necessary. To 1 ml of 
sample (in 0.5 M sodium acetate, pH 6.8), 40 #1 of 
l mg/ml hyaluronic acid (Healon ®, Pharmacia, 
Uppsala, Sweden) Were added, and incubated at 
37°C for 10 min to allow aggregation of proteogly- 
cans. (Sheep articular carti lage aggrecan was 
70~/o aggregated under these condit ions-~iata not 
shown.) Samples were then loaded onto a 
60 × 0.9 cm column of  Sephacryl S-1000 (Pharma- 
cia) and run at 18ml/h in 0.5M sodium acetate 
buffer (pH 6.8) and 1 ml fractions were collected 
and aliquots (0.5 ml) were counted on a fl-counter. 
Recoveries from the column averaged 90%. 
Some samples were digested for 16 h at 37°C with 
chondroitinase AC or ABC (Sigma) (250mu/ml), 
desalted again and re-concentrated to remove 
the resulting labelled disaccharides, and then chro- 
matographed on the S-1000 column. 
DNA ASSAY 
Meniscal explants and alginate beads were 
papain digested (0.5 ml per explant; 0.2 ml per five 
beads) in a solution of papain suspension in PBS 
(l:500v/v) plus 0.01 M EDTA, 0.005M cysteine, 
at 60°C for 6 h with occasional shaking. DNA 
standard (Sigma calf thymus DNA) was digested in 
parallel, at a final concentration of 100#g/ml. 
Then, 100 #1 of sample or two-fold serially diluted 
standard were pipetted into the wells of white 
plastic 96-well fluorimetry plates (Perkin-Elmer, 
Beaconsfield, Buckinghamshire, U.K.) in tripli- 
cate or duplicate, followed by 100#1 of Hoechst 
33258 (Sigma) (2 #g]ml) in 0.05 M phosphate buffer 
containing 2 M NaC1. The plate was mixed on a 
plate shaker and the fluorescence was read in a 
PerkimElmer LS-50 luminescence spectrometer set 
at excitation and emission wavelengths of 350 
and 450nm, and slit widths of 10 and 15nm, 
respectively. 
LONG-TERM INTERMITTENT EXPOSURE TO TGF/~ 
Second passage monolayer cultures from me- 
dial inner zone meniscal cells were subcultured 
into alginate beads at 5000 cells/bead in this ex- 
periment and cultured in 9 cm Petri dishes with 
12 ml DME 10% FCS. There were two dishes with 
170 beads each. They were cultured for 17 days, 
with the inclusion of 35SO4 (10#Ci/ml) for days 
15-17. One dish served as the control, and 5 ng/ml 
TGFfl was added to the other for the intervals 
days 4-7, days 9-11 and days 15-17. The beads 
were extracted and chromatographed on Sep- 
hacryl S-1000 as described above. Media PG 
samples from bead cultures were prepared for 
electrophoresis by diafiltration, and the buffer 
was exchanged for 7M urea containing 0.15M 
NaC1, 0.02 M Tris-HC1, pH 7.4. Each sample was 
then subjected to anion exchange chromatog- 
raphy on a 1 ml column of DEAE-Trisacryl to 
remove serum proteins, PGs were eluted with 4 M 
guanidine HC1, dialysed against distilled 
deionised water and freeze-dried. The samples 
were dissolved in SDS PAGE application buffer 
containing 1% 2-mercapto ethano l  and run on 
4-12% SDS polyacrylamide gradient gels (Novex 
Australia, Terry Hills, NSW, Australia) along 
with prestained high molecular weight standards 
(Biorad Laboratories, North Ryde, NSW, Aus- 
tralia) for approximately 2 h at 120 V. The appli- 
cation buffer and 0.375M Tris running buffers 
were as used by Rosenberg et al. [24]. The gel was 
fixed, stained with 0.001~/o Alcian blue, 0.00025~/o 
Coomassie blue, dried and placed in a phospho- 
rimaging cassette to expose the screen for 2 
weeks. The bands were then visualized and 
quantified with a Molecular Dynamics Phospho- 
rimager (Sunnyvale, CA, U.S.A.). 
130 Col l ier  and  Ghosh:  Men isca I  f ib rochondrocytes  in vitro 
Resu l ts  
EFFECTS OF  FETAL  CALF  SERUM 
The effects of I ng/ml TGFfl, alone and in combi- 
nation with 10% FCS, on PG synthesis and DNA 
replication in first passage meniscal cells, are 
shown in Fig. 1. In the absence of FCS, TGFfl 
stimulated cell replication about 2.3-fold, but when 
FCS was present TGFfl had little additional effect. 
In contrast, PG synthesis was increased about 
1.6-fold by l ng/ml TGFfl, whether or not the 
medium was supplemented with 10°//o FCS. 
Medium with 10% FCS was used in all subsequent 
experiments. 
PG PRODUCTION BY EXPLANTS FROM DIFFERENT 
ZONES 
Direct quantification 
Figure 2 shows the incorporation of 3~S into 
matrix PGs of explants from the three zones of 
medial and lateral menisci. Duplicate explants 
were taken from each zone of the menisci. Results 
are expressed with respect o DNA content (DNA 
20 000 (a) 
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FIG. 1. Incorporation of(a) radiolabelled sulphate and (b) 
thymidine by first passage meniscal cells incubated in 
96-well plates at (a) 2 × 104 per well and Co) 1 × 104 per 
well for 48 h. Treatments were: serum-free DME medium 
(SF); SF plus 1 ng]ml TGFfl (TGFfl); DME plus 10% FCS 
(FSC); and DME 10% FCS plus 1 ng/ml TGFfl (FCS 
TGFfl). Means of six replicates plus standard errors. 
v 
LI LM LO MI MM MO 
Meniscal zones 
FIG. 2. Incorporation ofradiolabeled sulphafe into menis- 
cal proteoglycans (PGs) by cultured explants in the 
presence and absence of TGFfl. Explants from the indi- 
cated meniscal regions (LI, lateral inner; LM, lateral 
middle; LO, lateral outer; MI, medial inner; MM, medial 
middle; MO, medial outer) were cultured in individual 
wells in 1 ml DME 10% FCS containing 85SO~- for 3 days 
without (shaded) and with (solid) 2 ng/ml TGFfl. Results 
are expressed as DPM [85S]sulphate p r #g DNA. Bars 
represent means (N = 4) plus standard errors. TGFfl 
stimulated PG synthesis (P < 0.0001), and the lateral 
meniscal explants produced more PGs than the medial 
(P < 0.0001) (see text). 
correlated to wet weight: R 2 = 0.83) of the explants 
and were analysed by 3-factor analysis of variance. 
Explants of the lateral meniscus produced 
more PGs than those of the medial meniscus 
(P < 0.0001). TGFfl stimulated 35S incorporation 
into PG (P < 0.0001) similarly in both compart- 
ments (P = 0.84). The different zones produced 
different amounts of PG (P = 0.0001) and the zonal 
variation was the same in both compartments 
(P = O.09). 
Sephacry l S-1000 chromatography 
Explant cultures from the six meniscal zones 
were labelled for 48 h with asSO~- in the presence 
or absence of 4 ng/ml TGFfl. Each of the 12 cultures 
contained a random assortment of explants orig- 
inating from the same regions of seven menisci, 
totaling approximately 500 mg wet weight. The size 
distribution of the PGs synthesized uring the 
labelling period and retained within the extracellu- 
lar matrix is shown in Fig. 3. The total counts are 
29~/o f the total extracted from 500 mg tissue, as 
1 ml of each 3.5 ml sample was loaded into the 
column. Exogenous HA was added to allow aggre- 
gation of PGs. All cultures showed two peaks: a 
peak of large, aggregating PG (aggrecan-like) 
which voided the column, and a peak of small 
proteoglycan with a Kay around 0.65. It can be seen 
from Fig. 3 that, in general, the inner and middle 
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zones of medial and lateral  menisci  made predomi- 
nant ly  aggregat ing PGs. In  comparison, the outer  
zones produce a much higher  proport ion of the 
small PGs. Not ing that  the different panels have 
different y-axis scales (Fig. 3), it appears that  the 
lateral  compartment  explants synthesized more 
PGs than the corresponding medial meniscal re- 
gions, and the inner zones produced more PGs than  
the outer  zone. The middle zone was, as expected, 
intermediate between the two, but was much more 
like the inner zone than the outer  zone with 
respect to both the size and amount  of 3~S-PGs 
produced. TGFfl at 4 ng]ml substant ia l ly  stimu- 
lated PG product ion of  explants from all zones but 
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FIG. 3. Sephacryl S-1000 profiles of guanidine extracted proteoglycans from meniscal explants from the indicated 
regions~ Explants from each region were pooled from seven medial and seven lateral menisci and were cultured for 
3 days in DME 10% FCS plus 35SO42- with (--) or without (. . . .  ; control) 4 ng/ml TGFfl. Results were standardized to
per 0.5 g wet weight of explants. Hyaluronic acid (40#g) was added to samples before loading to maximize PG 
aggregation. (a) Lateral inner zone; (b) medial inner zone; (c) lateral middle zone; (d) medial middle zone; (e) lateral 
outer zone; (f) medial outer zone. 
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Fm. 4. Sephacryl S-1000 profiles of proteoglycans re- 
leased into the medium by (a) meniscal explants (lateral 
outer zone---see caption of Fig. 3); (b) alginate bead 
cultures (lateral inner zone---see caption Fig. 5) cultured 
in the presence (--) or absence ( . . . .  ; control) of TGFfl. 
the size distribution was not greatly altered 
(Fig. 3). 
The PGs secreted into the medium from explant 
cultures also were analysed by Sephacryl S-1000 
chromatography. All cultures secreted mostly 
small PGs into the medium, and only a very small 
amount of aggregating PG. TGFfl-treated explant 
cultures secreted more PG into the medium (but 
not more as a proportion of the total) than control 
cultures [Fig. 4(a)]. The PGs secreted into the 
medium by alginate bead cultures are shown in 
Fig. 4(b) for comparison (see below). The pro- 
portion of labelled PGs released into the medium 
by explant cultures during a 48 h labelling period 
averaged 27% for outer zone explants, and 12% for 
inner zone explants. 
ALGINATE BEAD CULTURES 
The size distributions of the 35S-PGs produced 
by alginate bead cultures of meniscal cel lsfrom 
different zones are shown in Fig. 5. TGFfl stimu- 
lated PG production in all cultures. Significantly, 
the PG profiles resembled those of explant cul- 
tures, with substantial aggrecan-like PG peaks 
and small PG peaks, the latter being more promi- 
nent in outer zone cultures. The PG production of 
the outer zones also was less, as it was in the 
explant cultures, even though the cultures had the 
same number of cells per bead. Thus the bead 
cultures appear to represent approximately the 
original tissue, the cells seeming to retain a mem- 
ory of the appropriate size and amount of PG to 
synthesize. The PGs in the medium of the lateral 
inner bead culture are shown in Fig. 4(b). As 
hxpected, mostly small PGs had diffused into the 
medium. Bead cultures ecreted an average of 38% 
of labelled PGs into the medium during a 48 h 
labelling period. 
MONOLAYER CULTURE 
Primary confluent monolayer cultures of menis- 
cal cells from the six zones produced similar levels 
of almost exclusively small proteoglycans, most of 
which were secreted into the medium. Figure 6(a) 
shows the S-1000 column profiles of the medial 
inner zone monolayer culture. The peak corre- 
sponding to the small PGs from the medium was 
larger than that of the cell associated fraction (Kay 
0.65 and 0.72). A very small amount of aggregating 
PGs also was released into the medium. Thus 
monolayer cultures, even of primary cells, do not 
produce PG populations which reflect the normal 
PG content of the meniscal regions from which 
they were derived. The celLassociated PGs might 
appear smaller because they include membrane- 
bound or partially completed PG species. An aver- 
age of 85% of PGs were released into the medium 
by monolayer cultures during the labelling period. 
ANALYSIS OF SMALL PROTEOGLYCAN PEAK 
The effects of chondroitinase AC and ABC diges- 
tion on the hydrodynamic size of PGs synthesized 
by fibrochondrocyte monolayer cultures are shown 
in Fig. 6(b). Chondroitinase ABC digestion re- 
sulted in only a residue of digestion products 
eluting at Vt. Chondroitinase AC digestion abol- 
ished the aggrecan-like PG peak, as expected, but 
altered the K~v of the small PG population to about 
0.84. 
This experiment was repeated with aliquots of 
medial outer zone control explant extracts and the 
same results Were obtained (data not shown). 
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ANALYSIS OF PROTEOGLYCAN MONOMER PEAK 
The sheep meniscal  arge proteoglycan monomer  
general ly  e luted from Sephacry l  S-1000 with a K~ 
of about 0.4-0.45 and was consistent ly  larger  when 
synthesized under  TGF/~ st imulat ion. Some repre- 
sentat ive data  are shown in Fig. 7. These profiles 
were obtained from extracts  of  a lg inate bead cul- 
tures (medial middle zone) prepared from freshly 
isolated cells, cu l tured for 2 days to al low stabiliz- 
ation, then labelled with 35SO 4 with or w i thout  
2 ng/ml TGF/? for 48 h. The beads were guanid ine 
extracted and run wi thout  desalt ing or added HA. 
Included in Fig. 7 for compar ison is an S-1000 
chromatographic  profi le of in vitro label led sheep 
knee art icu lar  cart i lage explant extract  which was 
desalted and also run  wi thout  the addit ion of 
exogenous HA. It can be seen that  art icu lar  carti- 
lage PG monomer  appears to be sl ightly larger 
than meniscal  monomer,  unless the lat ter  was 
synthesized in the presence of TGFfl. 
LONG-TERM INTERMITTENT EXPOSURE TO TGFfl 
Extracts  of beads of medial  inner  zone cells 
which had been cul tured for 2 weeks with intermit-  
tent  TGFfl st imulat ion and label led with 8~SO~- for 
the last 2 days of cu l ture were chromatographed on
S-1000 and the profi les are shown in Fig. 8. I t  can 
be seen from the y-axis scales in Figs 8(a) and 8(b) 
that  the growth factor  t reated cultures produced 
substant ia l ly  more PG than  the controls. The other  
signif icant finding was that  the addit ion of exogen- 
ous HA caused a large increase in aggregat ion of 
the PGs from the contro l  cu l ture [Fig. 8(a)], but  
almost no change in the profiles from the  TGFfl 
t reated cu l tures  [Fig. 8(b)]. 
ANALYSIS OF SMALL PGS BY ELECTROPHORESIS 
The medium from the exper iment above was 
processed as described above and run on a 4-12% 
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FIG. 5. Sephacryl S-1000 profiles of the PGs synthesized by and retained within alginate bead cultures of meniscal cells 
from the indicated regions. Results are standardized per 100 beads. Cultures were maintained in DME 10% FCS 
containing 35SO]- with (--) or without (. . . .  ; control) 5 ng[ml TGF~ for 48 h. HA (40 ~ g) was added to the samples before 
loading to maximize aggregation. (a) Lateral inner zone; (b) medial inner zone; (c) lateral outer zone; (d) medial outer 
zone. 
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FIG. 6. Sephacryl S-1000 profiles of the PGs produced by 
a primary monolayer cultures of meniscal cells, cultured 
for 7 days in 25 cm 2 flasks at an initial density of 108 per 
flask, then incubated in DME 10% FCS plus 35SO~- for 
48 h. (a) The PGs secreted into the medium (--), and 
retained within the cell layer ( . . . . .  ), are compared 
(medial inner zone culture); (b) aliquots of medium PG 
fraction were digested with chondroitinase AC ( - - - - - - )  
and chondroitinase ABC ( . . . . .  ) and then were chromato- 
graphed (control:--). Exogenous HA was added to all 
samples in both panels. 
SDS polyacrylamide gradient gel which is shown 
in Fig. 9. Apart  from the bands of large PG at the 
top which have not entered the gel, the two major  
bands could represent b ig lycan (upper) and decor in 
(lower), as the charge and molecular  size of these 
bands were consistent with publ ished ata on these 
small PGs [24]. It can be seen that  the TGFfl- 
t reated cultures produced more putat ive biglycan 
than control  cultures, and Phosphor imager  analy- 
sis indicated that  this increase was 3.6-fold. Puta- 
tive decorin levels were unchanged by exposure of 
the cultures to TGFfl. 
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FIG. 7. Sephacryl S-1000 profiles of extracts of: (1) dupli- 
cate alginate bead cultures of meniscal cells maintained 
in the presence (--) or absence ( . . . . .  ) of 2 ng/ml TGFfl 
and 35SOt for 48 h; (2) articular cartilage xplant cultures 
labelled similarly ( - - - - - - ) .  Samples were run in the 
absence of added HA so that PG monomer size could~, e 
compared. 
Discuss ion  
Few studies have been conducted on meniscal  
f ibrochondrocytes in vitro. Webber [25] was the 
first to isolate meniscal  cells and grow them in 
monolayer  culture. Webber and Hough [26] re- 
ported that  rabbit  meniscal  cells synthesised PGs 
in vitro, including HA-associated aggregates, 
monomers,  and a small populat ion ot identif ied at 
the t ime but apparent ly  equivalent  to the small PG 
populat ion found in the present study. Rabbit 
meniscal  organ cultures however,  were reported 
not to synthesize aggrecan [27], but its lack of 
detect ion was later found to be due to a technica l  
problem [26]. In a prel iminary report,  Webber [14] 
found that  f ibroblast growth factor  and TGFfl 
st imulated repl icat ion of canine meniscal  cells, 
and that  TGFfl increased PG synthesis, s l ightly in 
cell culture, and great ly in organ culture. The 
present study is the first to invest igate the effects 
of TGFfl on the f ibrochondrocytes from different 
regions of the menisci. Three culture systems have 
been used to demonstrate the st imulatory effects of 
TGFfl on the product ion of PGs. The aim in most 
experiments was to achieve maximum stimulation, 
and amounts between 1 and 5 ng/ml TGFfl were 
used to ensure an excess. We had previously 
found that  0.1 ng/ml TGFfl maximal ly st imulated 
tr i t iated thymidine incorporat ion,  and 0.5ng/ml 
maximal ly st imulated PG synthesis of meniscal  
cell monolayers (Coll ier & Ghosh, unpubl ished 
results). 
In basal medium without  FCS, TGFfl st imulated 
cell repl icat ion and PG synthesis of first passage 
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FIG. 8. Sephacryl S-1000 profiles of extracts of alginate 
bead cultures (170 beads per culture), prepared from 
previously monolayer-cultured cells. (a) Control culture; 
(b) culture exposed intermittently (days 4-7, 9-11, 15-17) 
to 5 ng/ml TGFfl during the 17 days of culture. Cultures 
were labelled with a5SO4 for the final 2 days. Aliquots 
were run with (--) and without ( . . . . .  ) the addition of 
exogenous HA. The samples run with HA underwent a 
second cycle of desalting and reconcentration to remove 
residual free sulphate. 
monolayer  cultures. The proport ional  increase 
in PG synthesi  s effected by 1 ng/ml TGFfl was 
the same whether  or not the medium was sup- 
p lemented with 10% FCS (Fig. 1). DNA repl icat ion 
showed a dif ferent rend, responding more to 10% 
FCS than  to TGFfl. It is possible that  endogenous 
TGFfl in FCS is close to the concentrat ion  necess- 
ary for maximal  st imulat ion and that  addit ional  
TGFfl in the presence of FCS might have l itt le 
addit ional  effect (Fig. 1). 
In this study, Sephacry l  S-1000 chromatography  
was used to separate aggregat ing large PGs from 
small PGs. The average recovery  of labelled PGs 
from this co lumn was 90%. Loading 4 M guanidine 
extracts  of a lg inate beads or explants direct ly on 
the co lumn revealed that  art icu lar  cart i lage aggre- 
can and meniscal  arge PG monomers eluted with 
a Kay of about  0.4. These PG monomers e luted with 
the same Kav from a Sepharose CL-2B co lumn (data 
not shown). When extract  samples were desalted 
into runn ing  buffer and HA added, the result ing 
aggregated PG voided the column and there 
was l itt le evidence of res idual  unaggregatab le  
monomer.  It would appear  that  there was minimal 
degradat ion of meniscal  PGs under  these cul ture 
conditions. The small PGs that  eluted with a Kay 
of about  0.7 were considered to be the DSPGs, 
biglycan and decorin. 
In contrast  o meniscal  cells, ar t icu lar  chondro- 
cytes have been studied intensively,  and several  
authors  have invest igated the effects o f  TGFfl on 
them, often with confl ict ing results. It has been 
reported that  TGFfl inhibited [11,28,29], did 
not affect [30], and st imulated PG synthesis 
[6, 7, 29, 31], but a var iety  of species and cu l ture 
methods were used. Morales and co-workers used 
a calf  ar t icu lar  cart i lage organ culture model  and 
consistent ly  found that  TGFfl e levated PG pro- 
duct ion [8-10]. Not only did TGFfl s t imulate syn- 
thesis of PG aggregates but the monomers  were 
larger [8]. We also found, using explant cu l tures of 
meniscus, that  st imulat ion of PG synthesis  by 
O o 
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FIG. 9. Phosphor screen autoradiograph of labelled 
DSPGs from medium of TGFfl treated and control long 
term cultures run on a 4-12~/o SDS polyacrylamide gel. 
It can be seen that the band which may represent decorin 
(~ l l6kDa)  in the TGFfl lane is larger than in the 
control anes and that the putative biglycan (> 200 kDa) 
is greatly increased relative to the 116 kDa band in the 
TGFfl lane. The top band represents large PG which did 
not enter the gel. 
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TGFfl was unequivocal. All zones of the medial and 
lateral meniscus howed significantly elevated in- 
corporation of 35S into matrix PGs, when exposed 
to TGFfl. Sheep articular cartilage explants and 
cell cultures were similarly stimulated in our 
experiments (Collier & Ghosh, unpublished re- 
sults). 
It is clear from Fig. 3 that the amounts and the 
hydrodynamic size-distribution of the PGs syn- 
thesized and retained in the matrix of meniscal 
explants varied greatly depending on the anatom- 
ical origin of the meniscal explants. The enhanced 
PG metabolism of the lateral meniscus, noted also 
by Webber [14], is compatible with its greater load 
bearing function in vivo [15]. In the present study 
the meniscal cells cultured entrapped in calcium 
alginate beads produced PGs, the hydrodynamic 
size and abundance of which (Fig. 5) were similar 
to those from explant cultures and thus reflected 
their zone of origin in the medial or lateral menis- 
cus. This was in contrast o corresponding mono- 
layer cultures which produced mostly small PGs, 
irrespective of the meniscal region from where 
they were derived. The production of PGs by menis- 
cal cells cultured in alginate beads also was stimu- 
lated by TGFfl, a finding consistent with the 
responses of the explant and monolayer cultures. 
In  separate xperiments it was shown that the 
percentage of labelled PGs released into the 
medium averaged 85% for monolayers, 38% for 
beads, 27% for outer zone explants and 12% for 
inner zone explants. The small PGs diffuse readily 
into the medium [32]; therefore, it is to be expected 
that those cultures which produced more small 
PGs lost a higher proportion of total PG pro- 
duction to the medium. 
Culturing in alginate beads has been shown to 
preserve the phenotype of articular chondrocytes. 
Rabbit chondrocytes still expressed type II colla- 
gen after 33 days in culture [33], and bovine chon- 
drocytes cultured for 8 months still produced 
aggrecan and type II collagen [32]. H/iuselmann 
et al. [34] cultured bovine articular chondrocytes in
alginate beads and found that aggrecan was the 
major population of PG produced, most of which 
was aggregated and was retained with the gel. 
Decorin was synthesized in small amounts and was 
rapidly lost from the gel. The DSPGs of the human 
meniscus have been described in detail by Rough- 
ley and White [35] who reported that they comprise 
mostly decorin with some biglycan. In the present 
study we have provided evidence that the small PG 
peak is mostly dermatan sulphate-containing pro- 
teoglycan (DSPGs), possibly decorin and biglycan. 
The small PGs produced by fibrochondrocytes were 
resistent to digestion by chondroitinase AC, 
but not ABC, confirming the presence of GAG 
sequences containing dermatan 4-sulphate. The 
reduced size of the small PGs after chondroitinase 
AC digestion could be because of the action of the 
endohydrolase enzyme on the chondroitin sulphate 
component of the chondroitin sulphate/dermatan 
sulphate side chains on the DSPGs [36]. The elec- 
trophoretic analysis, using established methods for 
separating DSPGs [24], revealed bands which 
although not positively identified in this study, had 
molecular sizes and appearances consistent with 
their representing biglycan and decorin [13, 37]. In 
the alginate bead cultures of meniscal cells, puta- 
tive biglycan was upregulated by TGFfl, and while 
the amounts of putative decorin remained un- 
changed, it was larger than the species released 
into control media. This could be due to the 
synthesis of longer GAG chains under the influ- 
ence of TGFfl, as reported by others [13, 37, 38]. 
TGFfl upregulated biglycan and down regulated 
decorin synthesis in human fibroblasts [38, 39] and 
osteosarcoma cells [39]. Vogel and Hernandez [13] 
cultured cells and explants from bovine tendon and 
reported that TGFfl enhanced biglycan synthesis, 
and increased the length of the GAG chains on all 
secreted PGs. Other reports of reduced electro- 
phoretic mobility due to larger GAG chains result- 
ing from TGFfl stimulation have been made for 
decorin by Kahari et al. [38] using human fibro- 
blasts, and for decorin and biglycan by Border et al. 
[37] using mesangial cells. 
The high proportion of decorin present in the 
meniscus [35] might be a very significant factor 
contributing to the lack of healing of avascular 
zone meniscal lesions. Decorin has been implicated 
in the similar absence of healing of superficial 
articular cartilage lesions. DSPGs bind to 
fibronectin and inhibit the attachment of cells to 
this substratum, prevent clot formation and the 
attachment of a fibrin clot to the surfaces of the 
cartilage defects [40]. Decorin also influences col- 
lagen fibrillogenesis [41]. As little is known about 
the function of biglycan, the significance of its 
upregulation by TGFfl [13,37-39] is presently 
unclear. 
The very large increase in PG synthesis by cells 
in alginate beads, after intermittent exposure to 
TGFfl for 2 weeks, was a surprising result. The 
almost complete spontaneous aggregation of the 
aggrecan-like PG monomers in the absence of 
added HA implied that HA production was simi- 
larly elevated. These results are especially signifi- 
cant considering that the cells had had an initial 
period of 4 weeks in monolayer culture where 
presumably they were undergoing dedifferenti- 
ation. Even freshly isolated cells in monolayer 
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cul ture almost ceased producing aggregat ing PG 
(Fig. 6). Alginat~ bead cu l ture al lowed these long- 
term mono layer  cul tured cells to re-express their  
inner  zone phenotype and produce appropr iate 
PGs. The present  finding of increased PG syn- 
thesis, in response to intermit tent  exposure of 
meniscal  cells to TGFfl, is a favourable result  and 
argues for the considerat ion of this growth factor  
as an adjunct  to meniscal  repair  procedures,  
a l though this excit ing possibi l ity might have to 
await  the development of a suitable slow-release 
vehicle for TGFfl. Indeed, TGFfl has recent ly  been 
shown to enhance periosteal  chondrogenesis  
in vitro [42] and has been proposed as a method 
to promote art icu lar  cart i lage resurfacing in osteo- 
arthr i t is  [43]. 
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